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ABSTRACT
The difference in crystal structure and growth kinetics of microtubes formed from L- and 
D- enantiomers of diphenylalanine dipeptide is investigated both experimentally and 
theoretically by computer simulation. The microtubes of L- and D- enantiomers grown 
simultaneously and under identical experimental conditions possess different 
crystallographic space groups, have essential difference in sizes and demonstrate 
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different growth kinetics. Computer simulation by molecular mechanics methods 
revealed a fundamental difference in the interaction between structural units of 
microtubes of different chiralities. A model describing chirality-dependent growth of 
microtubes is proposed.
INTRODUCTION
Chirality is a property of an object to be non-superimposable on its mirror image.1,2 This 
simple, but universal property of matter can be observed at various hierarchical levels 
from subatomic, molecular and supramolecular to macro- and megascopic scales.3,4 An 
interest to chirality arises first from its ubiquitous presence in living matter. A huge 
number of chiral molecules such as amino acids, sugars, etc. exists in nature and play a 
crucial role in living organisms.4 Essential physiological processes, such as hormone 
regulation,5 drug metabolism,6 and even odor perception,7,8 exhibit stereospecificity with 
respect to exclusively one of the possible stereoisomers.6,9,10,11
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Various chemical and physical aspects of chirality are of recognized scientific 
importance12 and are of ongoing research interest not only in life sciences but also in 
materials science where chirality also plays a crucial role. To name a few, chirality and 
supramolecular organization have a major influence in engineering of new nonlinear 
optical materials providing the second-order nonlinear optical susceptibility about 30 
times larger than that of the racemic material with the same chemical structure.13 
Recently chirality also became a central concept in spintronics, where the chiral-induced 
spin selectivity effect is used to manipulate electron spins transmitting through short 
organic molecules14,15 and long supramolecular structures.16,17
Practical applications of these remarkable properties of chirality require the detailed 
study of these effects in various chiral supramolecular systems. Peptides are 
convenient building blocks for creation of various supramolecular structures via self-
assembly: thin films, nanobelts, vesicles, nanospheres, fibers, nano- and microtubes 
etc.18,19,20,21 Such structures exhibit chirality at different hierarchical levels of 
organization and are considered as advanced functional materials for nanotechnological 
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and biomedical applications since they possess many attractive properties, such as 
inherent biocompatibility, structural and functional flexibility, biodegradability, availability 
and cost-effectiveness.18,19,20,22
The most studied self-assembled peptide is diphenylalanine (H-Phe-Phe-OH, FF), the 
simplest aromatic dipeptide, which has recently become a focus of intensive research in 
nanotechnology23,24 because of its unique assembly characteristics and spectacular 
physical properties of FF-based nanotubes (NTs) and microtubes (MTs), representing 
dense bundles of NTs, such as high rigidity,25,26 notable thermal stability,27,28,29 
interesting electronic,30,31 nonlinear optical32 and photoluminescent30,33 properties as 
well as exceptional piezoelectric effect34,35 and pyroelectricity.36 Thus these FF NTs and 
MTs represent a promising functional material for various nanoelectronic applications. 
However, despite of the numerous studies on the FF self-assembly, physical properties 
and applications, the role of chirality in its structure and properties is still poorly studied 
and understood.
Page 5 of 50
ACS Paragon Plus Environment






























































As any other chiral molecule, FF can exist in two enantiomeric forms: H-L-Phe-L-Phe-
OH (CAS number 2577-40-4, hereinafter L-FF) and H-D-Phe-D-Phe-OH (CAS number 
58607-69-5, hereinafter D-FF) (Fig. 1). Both forms are commercially available, however 
our review of the published studies revealed that most of them were performed on L-FF, 
starting from the seminal paper by Gorbitz37 where the α-helix crystal structure of L-FF 
NTs was determined. For historical reasons, our group used D-FF form for the 
investigation of NTs self-assembly and its physical properties.26,27,33,34,35,36,38 Since 
enantiomers possess similar physical properties, except of several special cases,39,40 
the results obtained so far are expected to be applicable for both D-FF and L-FF. 
However, in the context of possible molecular electronic, spintronic and molecular 
recognition applications the role of FF chirality is to be specially investigated.
Figure 1. Structural formulas of (a) L-FF and (b) D-FF.
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Recently, using molecular mechanics approaches we found that α-helix NTs of L- and 
D- forms of FF possess different total energies and dipole moments,41 thus 
demonstrating non-equivalency of charge distribution in these NTs. These results 
suggest that there could be some differences in the structure and properties of L-FF and 
D-FF NTs, starting from their growth kinetics first. 
Therefore, the aim of this work is to perform an experimental and theoretical study of 
the structure and growth kinetics of L-FF and D-FF microtubes. Better understanding 
the role of chirality in the growth process will allow improving the methods for NTs and 
MTs fabrication, their better implementation in various functional devices, and may 
assist in developing new drugs and biomaterials.
EXPERIMENTAL SECTION
Sample preparation. Lyophilized powders of two enantiomers of diphenylalanine were 
purchased from Bachem (Switzerland): H-L-Phe-L-Phe-OH (Bachem catalogue number 
G-2925, L-FF) and H-D-Phe-D-Phe-OH (Bachem catalogue number G-3805, D-FF). 
The initial powders demonstrated identical high purity level (better than 99.9%) as was 
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confirmed by 1H nuclear magnetic resonance (NMR) and liquid chromatography – mass 
spectrometry (LC-MS) methods (see ESI for the details). Stock solutions were prepared 
by dissolving L-FF or D-FF powders in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, Sigma-
Aldrich, USA) at concentration 100 mg/mL. 
The growth of microtubes has been performed in accordance with a conventional 
method.38 2 µL aliquot of L-FF/HFIP or D-FF/HFIP stock solutions was added to 98 µL 
droplet of deionized water disposed on Pt-coated silicon substrates to obtain L-FF or D-
FF MTs, respectively. It is worth noting that the substrates were cut from one 
Pt/Ti/SiO2/Si three-inch plate (Pi-Kem, UK) to exclude possible differences in the 
substrate texture. 
Characterization methods. Morphology characterization and growth kinetics monitoring 
were performed using optical microscope Olympus BX-51 (Olympus, Japan) in 
reflection mode. 5× and 20× objectives were used to capture images and videos. 
Scanning electron microscope (SEM) AURIGA CrossBeam workstation (Carl Zeiss, 
Germany) was used for high resolution morphology characterization of FF MTs. To 
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prevent the MTs charging under the action of electron beam the samples were coated 
with a 10 nm Cr layer using magnetron-sputtering (Quorum, Q150T).
Single-crystal X-ray diffraction data were collected at the ID27 beamline on ESRF 
(Grenoble, France) using the radiation wavelength of 0.3738Å and MAR detector. 
Obtained crystallographic data for D-FF microtubes reported in this paper have been 
deposited in the Cambridge Crystallographic Data Centre no. CCDC 1853771. 
Measurements were performed at 140 K. 8153 reflections were measured 
(3.098° ≤ 2Θ ≤ 24.542°), 2626 unique of them (Rint = 0.1359, Rsigma = 0.1451) were 
used in all calculations. ShelXT42 software was used for structure solution by Intrinsic 
Phasing method. Structure was refined by full-matrix least-squares methods on F2 using 
ShelXL,43 Olex244 was used for solution and refinement structure as GUI. All non-
hydrogen atoms were refined anisotropically. All water molecules inside the 
nanochannel were masking by SQUEEZE tool of Platon. The final R1 was 0.0881 
(I > 2σ(I)), wR2 was 0.2354 (all data), and the goodness-of-fit was 0.99. Mercury 3.1045 
was used to visualize and analyze the crystal structure. 
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Computer simulation. Total energies of L-FF and D-FF rings (each ring represents one 
unit cell of NT and consists of 6 monomeric units) taking into account covalent and 
noncovalent interactions (van der Waals, electrostatic and hydrogen bonding) were 
calculated using HyperChem software46. A semi-empirical approach PM3 including 
restricted Hartree-Fock approximation was used for analysis of individual rings (similarly 
to the method used in Refs. 41,47,48). Because of a large number of atoms contained 
in two rings, their interaction energy was calculated by means of molecular mechanics 
methods MM+, AMBER and BIOCHARM.46 All these methods are suitable for the 
analysis of peptides, nucleic acids, proteins and macromolecules.46
RESULTS AND DISCUSSION
Microtubes of L- and D-configurations were grown simultaneously from the droplets of 
corresponding solutions with the same concentration and pH on Pt-coated silicon 
substrates under identical ambient conditions (temperature, relative humidity, etc.) in 
accordance with the standard procedure.38 In total, 16 samples were prepared: 8 of L-
FF and 8 of D-FF MTs. Analysis of optical images obtained after the droplet evaporation 
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showed that both L-FF and D-FF MTs possess morphology of long narrow randomly 
oriented tubes, while L-FF MTs demonstrate a clear tendency to branching at one side 
of the tube (Fig. 2a). D-FF MTs look like solid tubes without further branching (Fig. 2b).
However, the most prominent difference between L-FF and D-FF MTs is in their sizes. 
Lengths and diameters of more than 3000 D-FF MTs and about 1500 L-FF MTs were 
statistically analyzed. It was found that the mode length (the most probable length 
corresponding to the maximum of the distribution) and the median length of L-FF MTs 
are almost twice as much as those of D-FF MTs, while their average diameter is about 
20% lower than the diameter of D-FF (see Figs. 2a-c and Table 1). Wide dispersion in 
lengths originates from the inhomogeneous growth of MTs in different parts of the 
droplet,38 while performed statistical analysis takes into account all possible kinds of the 
grown MTs. At the same time the analysis of both optical and SEM images shows close 
values of the MTs diameters (Table 1).
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Table 1. Comparison of morphologies of L-FF and D-FF MTs.
Enantiomer 
configuration
Mode length, µm Median length, µm Diameter, µm
L-FF 860 ± 230 1089 1.9 ± 0.6
D-FF 490 ± 120 610 2.3 ± 1.0
Figure 2. Optical images of (a) L-FF and (b) D-FF MTs grown under identical conditions. 
(c) Length distribution of D-FF and L-FF MTs on Pt substrates. (d) Variation of length of 
D-FF and L-FF MTs during their growth.
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Chiral solvents or chiral impurities are, in general, the obvious reasons behind 
enantioselective crystallization.1 These ingredients might selectively interact with the 
chiral monomers, which in turn can provide different growth conditions for 
enantiomers.1,49,50 However, the used procedure of MTs growth eliminates the influence 
thereof on the observed differences in L-FF and D-FF MT lengths (Fig. 2). All solvents 
used in this work (HFIP and water) are achiral and thus cannot lead to enantioselective 
crystallization.
The role of impurities is excluded due to a very high purity of the source monomer 
powders (better than 99.9% each as provided by LC-MS analysis, see ESI). Following 
the general scheme of peptide synthesis,51 impurities may appear in the final product at 
the stage of protecting and deprotecting of amino acid functional groups. In case of FF 
dipeptides, main possible impurities may be associated with: 1) remnants of the amino 
acid (H-Phe-OH), 2) residues of protecting agents (e.g. Z-Phe-Phe-OH) and 
3) cyclo(Phe-Phe) appearing, e.g., as a result of overheating the linear FF dipeptide.27,28 
These possible impurities were also mentioned by the manufacturer of the source 
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peptide powders in Analytical Data Sheets. However none of these impurities was 
detected by NMR and LC-MS analyses (see ESI and Fig. S1).
The substrate can also promote the preferential nucleation and further crystallization of 
enantiomers.1,49,52,53,54 To exclude this factor, L-FF and D-FF MTs were, in addition, 
grown on glass substrates. Optical images showed that the difference in MT lengths 
distributions is still preserved (see Fig. S2 and Table S1). This led us to conclude that 
substrate does not affect the nucleation of enantiomers.
Since MTs of both configurations were grown simultaneously from the same solutions 
and under identical conditions, the only plausible reason for the observed difference in 
MTs length is the kinetics of their growth. Therefore, we studied the growth of L-FF MTs 
in situ by optical microscope equipped with a fast camera and compared it with the 
growth kinetics of D-FF MTs reported elsewhere.38
The in situ monitoring and recording of several L-FF MTs growth revealed that the 
evaporation-driven kinetics of their self-assembly is very similar to that observed earlier 
for D-FF MTs.38 The growth normally begins at the edge between the solution droplet 
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and the substrate and continues inside the droplet. It is worth noting that some bundles 
of MTs were formed in the bulk of the droplet and settled at the substrate after the 
droplet evaporation. Such bundles were likely formed around the nucleus which might 
appear in the stock solution before the observation started, and are thus not considered 
in this work. 
To qualitatively analyze the MTs growth kinetics we divided a video record of MTs 
growth into a sequence of separate frames and measured the length of several 
individual MTs as a function of time (Fig. S3). We found that average growth rate of L-
FF MTs, taken from the linear regression slope considering all experimental points, is 
significantly lower than that of D-FF (0.5 μm/s for L-FF vs. ~ 2 μm/s for D-FF38). 
However, the most important, we also found that a regular step-like growth, revealed 
earlier for D-FF MTs,(38 is not that pronounced in case of L-FF MTs, instead a 
continuous growth dominates over all times for the latter (Fig. 2d). The length versus 
time dependence of D-FF MTs consists of nonregular plateaus where tubes’ length 
almost does not change (Fig. 2d). This step-like growth was attributed earlier to 
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periodical diffusion-controlled variations of the local solution supersaturation in the 
vicinity of the MTs growing facet.(38 The MTs growth starts when the supersaturation 
exceeds certain threshold value. Fast growth leads to a gradual decrease of the 
supersaturation and after a time growth stops. The local supersaturation increases due 
to the monomers diffusion from the remote part of the solution and until a threshold 
value reached MTs length does not change. However, the suggested growing 
mechanism cannot be directly applied to describe the continuous growth of L-FF MTs.
For further characterization of D-FF and L-FF MTs the crystal structure of D-FF MTs 
was studied by single crystal X-ray diffraction. It is known that X-ray diffraction of single 
crystals allows distinguishing between the enantiomers,55 however no comparison of L-
FF and D-FF MTs structure has been made yet. The following analysis (see 
Experimental details) revealed that the lattice cell parameters of D-FF MTs are close to 
those of L-FF reported by Gorbitz37 and other researchers(56-(58 with the exception that 
their space groups are different (Table 2). As reported by Gorbitz, L-FF MTs belong to 
P61 space group, whereas our results show that D-FF tubes belong to P65 space group. 
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Obviously, this symmetry difference is attributed to monomer chirality. Although, the 
well-known 230 crystallographic space groups were deduced using a right-handed 
Cartesian coordinate system,59 a left-handed system is also frequently used in 
stereochemistry for the description of mirror-imaged enantiomers. This leads to 11 pairs 
of enantiomorphic space groups, including the pair P61–P65,60 which is distinguished by 
the twisting direction of their 6-fold screw axis59 (Fig. S4). This leads to different 
arrangements of L-FF and D-FF NTs, i.e. right-handed helix for the former and left-
handed helix for the latter (Fig. 3).








a, Å 24.0709(13) 23.9468(14)
b, Å 24.0709(13) 23.9468(14)
c, Å 5.4560(4) 5.4411(2)
V, Å3 2737.7(3) 2702.2(2)
D, g/m3 1.299 1.281
a Ref. 37. b This work.
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It is worthy to mention that the chirality of FF monomers does not correlate with the 
chirality of NT supramolecular structure. Although supramolecular chirality is not directly 
related to the chirality of the individual monomers (in fact, achiral molecules may also 
self-assemble into chiral supramolecular structures2,50,61,62), a conservation of chirality, 
stepping from a single molecule to larger chiral clusters, has been observed for chirally 
organized monolayers.53,63,64,65 Other scenarios exist where an alternating chirality L-D-
L-D is observed at various hierarchical levels of biological systems: from single amino 
acids, proteins, DNA, phospholipids to viruses and bacteria.2,66,67,68,69
To shed light on the origin of different growth kinetics of L-FF and D-FF MTs the total 
energies for D-FF and L-FF rings (each ring represents one steps of the helix and 
consists of 6 monomeric units) were calculated. The atom coordinates from the rings 
were taken from previously published crystal data37 for L-FF NTs while for D-FF NTs it 
was obtained from the new crystal data reported in this work. It is important to note, that 
since experimentally determined crystal data were used, no geometry optimization was 
performed in this work. In this case optimization by computational algorithms leads 
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away the structure from the real (experimental) one. In particular, the optimization leads 
to aligning the ends of a helix step41 thus breaking inherent chirality of the NTs. In more 
details this question is studied in Ref. (70.
The obtained total energy for L-FF ring appears to be higher than that for D-FF ring. 
This difference remains almost the same even after removal of one monomer at the 
distance 100 Å and more (Fig. S5). The direction of the monomer removal does not 
influence the total energy. Thus, the only difference in spatial configuration of single 
monomers in the solution does not explain the observed differences in MTs growth 
kinetics, since the monomers provide minor and similar contribution into the total energy 
of the rings. Therefore, the origin of different growth kinetics should be searched at 
higher levels of NTs structural hierarchy.
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Figure 3. Different twisting of L-FF and D-FF NTs. Crystal data for L-FF were taken from 
Ref. 37; data for D-FF were obtained in this work. For better visualization, the cell 
parameter c is increased three times.
As it has been recently shown,71 the formation of FF MTs occurs via an intermediate 
state, where the solvated FF monomers connect themselves into larger FF subunits 
patterning the ring core motif. Once formed, the rings stack along the c-axis giving rise 
to NTs. Therefore, the interaction energy ΔE between two FF rings (a deviation of total 
energy of the system from that at the biggest separation distance, where the interaction 
is considered to be negligible) was calculated as a function of distance R. The biggest 
distance between rings was taken as 100 Å. Rings were arranged along either c-axis or 
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a-axis, thus simulating the interaction at growing and side facets of the MT, respectively 
(Figs. 4a,c). Calculations were performed for L-FF and D-FF rings separately using the 
same sets of coordinates of atoms as described above. The internal structure of the 
rings and effective charges for all atoms were fixed during the calculations, and only the 
distance R between rings’ centers was varied. 
Figure 4. Schemes of interaction between FF rings and calculated distance 
dependences of its interaction energies at (a,b) growing and (c,d) side facets of MT.
For both L-FF and D-FF rings, decreasing the rings distances R leads first to a gradual 
reduction of the interaction energy and then to its abrupt increase after a certain 
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distance, thus forming a potential well (Fig. 4b,d). Parameters of the well are presented 
in Table 3. For longitudinal arrangement of the rings (along c-axis) the equilibrium 
distance R0(c) and minimum energy E0(c), that can be called “cohesive energy”, are 
almost the same for both L-FF and D-FF rings. The value of R0(c) is close to MTs’ cell 
parameter c. For transversal arrangement of the rings (along a-axis) the equilibrium 
distance R0(a) is also the same for both L-FF and D-FF rings and is close to the cell 
parameter a. But the absolute value of cohesive energy E0(a) for D-FF rings is about 
25% higher than that for L-FF rings. Calculations performed for L-FF and D-FF rings in 
AMBER method and for D-FF rings in BIOCHARM method provide the R0 and E0 values 
that are very close to those obtained in MM+ method (Table 3), thus allowing to suggest 
that the obtained result does not depend on the used calculation method.
Although the origin of the obtained differences in cohesive energies at the side facets of 
L-FF and D-FF NTs is not clear yet, these provide a hint to the explanation of the 
observed difference in the growth kinetics of MTs. As was demonstrated earlier,71 the 
main structural unit for FF MT formation is a ring. So long as the peptide self-assembly 
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is a dynamic process, where assembly and disassembly occur simultaneously, relative 
concentrations of primary rings (initial FF rings formed in the solution from dissolved 
monomers) and secondary rings (FF rings detached from MT as a result of tube’s 
disassembly) in the vicinity of the growing facet plays a crucial role in the growth 
kinetics. These concentrations, in turn, depend on the interaction energy between the 
rings and the tube (namely, on the cohesive energy, the depth of the potential well, E0) 
at the growing and side facets, respectively. Since the cohesive energies for longitudinal 
arrangement of both D-FF and L-FF rings are almost the same, the probability of ring 
removal from a growing facet (inversely proportional to E0) does not depend on ring 
chirality. However, the probability of ring removal from a side facet is estimated to be 
about 1.3 times greater for L-FF rings than for D-FF. Thus, the growth of D-FF MTs is 
rather determined by the flow of primary rings via diffusion from distant regions of the 
solution. A lack of such rings in the vicinity of the tube’s growing facet and limited rate of 
monomer diffusion lead to step-like growth of D-FF tubes.38
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The situation is different for L-FF MTs, where the lack of the primary rings in the vicinity 
of the tube’s growing facet can be additionally compensated by the flow of secondary 
rings easily detached from the side facets due to much lower cohesive energy. These 
secondary rings may maintain longitudinal growth of the MT while the primary rings are 
not yet delivered by diffusion, thus leading to continuous growth of L-FF MTs. 
Therefore, its overall time of longitudinal growth is longer than that of D-FF and, hence, 
the length of the former is larger than that the latter, which is in good agreement with 
our results (Table 1). On the other hand, the thickness of L-FF MTs should be smaller 
than that of D-FF because of the rings removal from side facets, which is also in line 
with our data (Table 1), but noticeable experimental error does not allow stating this with 
100% accuracy.
Table 3. Equilibrium parameters of interaction energies for FF rings of different enantiomers
L-FF D-FF
Movement axis: c a c a
MM+ 5.7 24.8 5.6 23.8
AMBER 5.6 24.8 5.5 23.8
R0, 
Å
BIOCHARM – – – 23.8
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MM+ -2.98 -0.33 -2.88 -0.41
AMBER -6.31 -0.36 -6.74 -0.41
E0, 
eV
BIOCHARM – – – -0.40
Lower cohesive energy at the side facet of L-FF MTs may also lead to a splitting of the 
MT into separate NTs due to weak interactions between them. Such splitting was 
observed in our study (Figs. 1a and S6), whereas no splitting was found in D-FF MTs.38
The interaction between larger number of rings should lead to deeper potential wells, 
and the energy contrast between L- and D-rings can be somewhat reduced. 
Consideration of such many-body interactions is a topic for further investigations. 
However, the interaction between the rings in the solution (primary or secondary) with a 
growing MT occurs mainly at the level of single rings, where the effect of chirality 
essentially affects the growth kinetics and the resulting morphology of FF microtubes.
CONCLUSIONS
To summarize, we found for the first time that, L-FF and D-FF microtubes have different 
crystal structure and demonstrate their different growth kinetics, regardless of the 
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chemically identical composition of these L- and D- enantiomers. Performed rigorous 
analysis excludes possible influence of impurities and substrates. X-ray analysis of D-
FF microtubes show that they are described by P65 space group and form left-helix 
nanotubes, which is in contrast with the known structure of L-FF tubes (P61 group and 
right-handed nanotubes). Moreover, L-FF microtubes demonstrate gradual continuous 
growth leading to almost doubling their lengths with respect to D-FF, showing a step-like 
growth. Interaction energy between six-molecule rings – structural units of the 
nanotubes, was calculated using molecular mechanics methods, and essential 
difference in cohesive energies of the rings at side facets of the growing L-FF and D-FF 
microtubes was found that satisfactorily explains the observed effects. These effects 
should be taken into account in the design of new biocompatible electronic components 
and biosensors, where the enantiospecific interaction between the sensor and the 
analyte can take place. 
The reported differences in crystal structure and growth kinetics of FF microtubes are, 
definitely, the first observed effect of chirality on the FF self-assembly. Certainly, other 
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effects related to different charge distribution within L-FF and D-FF rings can be 
predicted, and our research will be focused on these effects in future studies. We 
hypothesize that the observed effect of chirality-dependent growth could be inherent to 
other enantiomeric systems.
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Crystallographic data for D-FF microtubes reported in this paper have been deposited in 
the Cambridge Crystallographic Data Centre, no. CCDC 1853771.
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Chirality-dependent growth of self-assembled diphenylalanine microtubes
Pavel S. Zelenovskiy, Alla S. Nuraeva, Svitlana Kopyl, Sergey G. Arkhipov, Semen G. 
Vasilev, Vladimir S. Bystrov, Dmitry A. Gruzdev, Mateusz Waliczek, Volodymyr Svitlyk, 
Vladimir Ya. Shur, Luis Mafra and Andrei L. Kholkin
The first observation of the effect of chirality on the self-assembly of diphenylalanine 
dipeptides microtubes. Microtubes of L- and D- enantiomers of the dipeptide grown 
simultaneously and under identical experimental conditions possess different 
crystallographic space groups, have essential difference in sizes and demonstrate 
different growth kinetics. Molecular mechanics simulation revealed a fundamental 
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difference in the interaction between structural units of the microtubes of different 
chiralities.
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Structural formulas of (a) L-FF and (b) D-FF. 
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Optical images of (a) L-FF and (b) D-FF MTs grown under identical conditions. (c) Length distribution of D-FF 
and L-FF MTs on Pt substrates. (d) Variation of length of D-FF and L-FF MTs during their growth. 
170x119mm (300 x 300 DPI) 
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Different twisting of L-FF and D-FF NTs. Crystal data for L-FF were taken from Ref. 37; data for D-FF were 
obtained in this work. For better visualization, the cell parameter c is increased three times. 
75x101mm (300 x 300 DPI) 
Page 48 of 50
ACS Paragon Plus Environment






























































Schemes of interaction between FF rings and calculated distance dependences of its interaction energies at 
(a,b) growing and (c,d) side facets of MT. 
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